This report presents the tensile properties of EC316LN austenitic stainless steel and 9Cr-2WVTa ferritic/martensitic steel after 800 MeV proton and spallation neutron irradiation to doses in the range 0.54 to 2.53 dpa. Irradiation temperatures were in the range 30 to 100°C. Tensile testing was performed at room temperature (20°C) and 164°C to study the effects of test temperature on the tensile properties. Test materials displayed significant radiation-induced hardening and loss of ductility due to irradiation. The EC316LN stainless steel maintained notable strain-hardening capability after irradiation, while the 9Cr-2WVTa ferritic/martensitic steel posted negative strain hardening. In the EC316LN stainless steel, increasing the test temperature from 20°C to 164°C decreased the strength by 13 to 18% and the ductility by 8 to 36%. The tensile data for the EC316LN stainless steel irradiated in spallation conditions were in line with the values in a database for 316 stainless steels for doses up to 1 dpa irradiated in fission reactors at temperatures below 200 o C. However, extra strengthening induced by helium and hydrogen contents is evident in some specimens irradiated to above about 1 dpa. The effect of test temperature for the 9Cr-2WVTa ferritic/martensitic steel was less significant than for the EC316LN stainless steel.
Introduction
The container vessel for the mercury target of the proposed SNS is expected to operate at a temperature between 100°C and 200°C [1] . A goal exposure for the first target is six months operation, corresponding to a displacement dose of about 5 dpa in the container vessel. In earlier reports [2] [3] [4] [5] [6] [7] we described the tensile properties of candidate vessel materials after irradiation in the Los Alamos Neutron Scattering Center (LANSCE) accelerator at Los Alamos National Laboratory (LANL) at temperatures in the range 58-160°C. The tensile tests were conducted at ORNL at room temperature. Austenitic stainless steels showed the most satisfactory results. They retained significant ductility even after irradiation to 11 dpa; the EC316LN steel had positive work hardening and a uniform elongation of 6% [2, 5] . Ferritic/martensitic steels displayed prompt instability failures at yield.
In the same LANSCE experiment, other materials were irradiated and tested by LANL for consideration for use in their Accelerator Production of Tritium (APT) project [11] [12] [13] . Two stainless steels, 316L and 304L, were tested at 50, 80, and 164°C, and they showed greater ductility losses than for ORNL's austenitic steels [6, 7] . In LANL's engineering stress-strain data, all stainless steel specimens that were irradiated to doses higher than 2 dpa and tested at 80 or 164°C showed nearly zero or negative strain hardening, and almost no uniform elongation. Comparison with the ORNL data suggested that test temperature was obviously an important factor in reduced ductility [6] [7] [8] [9] [10] , but the role of chemical composition of the steels was unclear. Subsequent tests at LANL [6] established that test temperature overrules effects of chemical composition in the LANL austenitic steels.
To confirm the temperature effects on tensile properties for the SNS candidate materials, a few available specimens of the irradiated EC316LN austenitic steel and a 9Cr-2WVTa ferritic/martensitic steel were performed at room temperature and 164°C. The latter temperature was chosen to conform to LANL's highest test temperature. This report presents the tensile test results, focusing on the effects of test temperature on tensile properties. In addition, detailed analyses on strain-hardening behaviors are performed for the uniform and localized deformation regimes of ORNL's EC316LN and LANL's 316L stainless steels. No detailed analysis was performed for the strain hardening behaviors of the ferritic/martensitic steel because it showed prompt plastic instability after irradiation.
Experiments and analyses
Test materials were EC316LN austenitic stainless steel and 9Cr-2WVTa ferritic/martensitic steel. Table 1 lists their identities, chemical compositions, and heat treatments. SS-3 type tensile samples were irradiated and tested. The SS-3 tensile specimen is shown in Fig. 1 . Its nominal gage section dimensions are 7.6 mm long, 1.5 mm wide, and 0.76 mm thick.
For the present tensile testing, eight SS-3 tensile specimens were irradiated at two different positions in Tube 4 of Insert 17A, an in-beam position of the LANSCE-APT irradiation setup [11] [12] [13] . In the irradiation experiment, specimens were irradiated with a beam of 800 MeV protons at an average current of 1mA and with spallation neutrons [14, 15] emitted from a tungsten target. The exposure for each specimen was dependent on its radial and axial position relative to the beam center and the tungsten target. The doses evaluated were 0.54 and 1.87 dpa for EC316LN steel specimens and 0.52 and 2.53 dpa for 9Cr-2WVTa steel specimens. He and H productions were in the range of 40 to 200 appm and 200 to 1600 appm, respectively. Irradiation temperatures were in the range 30 to 100 o C. These irradiation conditions are summarized in Table 2 , and additional information on the LANSCE-APT experiment is given in previous reports [11, 13] .
Tensile testing was performed at room temperature (20 o C) and an elevated temperature (164 o C) in a screw-driven machine at a crosshead speed of 0.008 mm/sec, corresponding to a nominal strain rate of 10 -3 sec -1 . An unirradiated gauge length of 7.6 mm was taken as the reference gage length for calculation of engineering and true strains. Engineering stresses were calculated as the load divided by initial cross-sectional area measured before irradiation. True stress (σ)-true strain (ε) data and strain hardening rate (dσ/dε) were calculated from the engineering stress-strain data and used to determine true uniform strains, or true strains to plastic instability. Strain hardening analysis was also performed on the earlier tensile test data of LANL's 316L stainless steel [6, 7] to compare with the new results for EC316LN stainless steel. Strain-hardening rates for necking deformation were predicted from measurements of reduction of area (RA) and tensile test data for the 316L stainless steel [16] . The RA data were measured on the fracture surface using a Scanning Electron Microscope. Fig. 2 presents engineering stress-strain curves for EC316LN stainless steel. The engineering tensile data read from the curves are summarized in Table 3 . The EC316LN stainless steel showed considerable radiation hardening and loss of ductility after irradiation. At both 20 o C and 164 o C the yield strengths at 1.87 dpa were three times higher than those for the unirradiated condition, and the uniform strain was reduced to about one fourth of its unirradiated value. Despite the loss in ductility the EC316LN stainless steel retained positive strain hardening after irradiation up to 1.87 dpa at both temperatures.
Results and discussion

EC316LN austenitic stainless steel
As expected, the EC316LN stainless steel showed significant temperature effects on tensile properties [6, 7] . With increasing test temperature from 20 to 164°C, the yield and ultimate tensile strengths (YS and UTS) decreased by 13 to 18% from their room temperature values. These percentage reductions in strengths seemed to be insensitive to irradiation dose between 0.5 to 1.9 dpa. The increase of test temperature also reduced the ductility of EC316LN stainless steel. The reduction in ductility was most pronounced in the unirradiated condition; Table 3 shows 26% reduction in uniform elongation (UE) and 24% reduction in total elongation (TE). After irradiation to 1.87 dpa the percentage reductions in ductility due solely to the increase of temperature were about 8% and 12% for uniform and total elongations, respectively. In Figs. 3 and 4 the tensile data for current EC316LN specimens are overlaid on the trend bands of the database for 316 stainless steels irradiated at temperatures between room temperature and 200°C in fission reactors and tested in the same temperature range [17] . Further, the data are compared with the previous room temperature data for candidate SNS target container materials irradiated in neutron (n) or proton (p) areas of the LANSCE-APT irradiation [2] [3] [4] [5] . At doses below about 1 dpa both yield strength and uniform elongation data for LANSCE irradiations are compatible with the trend bands of the database. At higher doses, however, the yield strengths of the LANSCE specimens tend to exceed the upper bound of the fission reactor data, and the uniform elongation becomes close to the lower bound of the database. This extra strengthening is attributable to the higher helium and hydrogen contents generated by spallation reactions. Using nanoindentation technique, room temperature hardness data have been obtained for 316LN stainless steel specimens after irradiation with iron, helium, and hydrogen ions at 200 o C [18] . The data indicated that the additional hardening effect from helium (hydrogen) bubbles became significant at helium concentrations above 1 at.%. In the spallation condition, the helium concentration at the highest dose of 11 dpa was about 0.1 at.% [3] [4] [5] . Thus, some strengthening contribution due to the presence of the gases is expected at the highest dose. This extra strengthening from the gases is noticeable in room temperature tests but is expected to extend to more elevated test temperatures. The temperature effects noted herein for the yield strength of EC316LN steel are nearly independent of dose in the range 0 -1.87 dpa. This trend might persist to higher doses.
9Cr-2WVTa ferritic/martensitic steel
Engineering stress-strain curves for 9Cr-2WVTa ferritic/martensitic steel are displayed in Fig. 5 , and the engineering tensile data are listed in Table 3 . Irradiation hardening in the ferritic/martensitic steel was strong but less than in the austenitic stainless steel; the yield strengths at 2.53 dpa were less than two times those for unirradiated specimens. All the irradiated specimens displayed plastic instability at yield. This was anticipated from previous tensile data for low doses, which found that at room temperature the critical dose to prompt plastic instability at yield is about 0.1 dpa for the alloy [4] . Consequently, the uniform elongations are near zero and the ultimate tensile strengths equal the yield strengths [19] [20] [21] .
The effects of test temperature on the tensile properties are weaker in the 9Cr-2WVTa steel than in the EC316LN stainless steel. The ferritic/martensitic steel saw about 10% reduction in the yield strength by increasing test temperature from 20 to 164°C. The increase of test temperature caused about 20% reduction in uniform elongation before irradiation but little difference in ductility after irradiation.
Strain-hardening behavior in austenitic stainless steels
Figs. 6 to 8 present true stress (σ)-true strain (ε) curves and strain-hardening rate (dσ/dε) curves for EC316LN stainless steel. In the unirradiated EC316LN stainless steel no yield drop was discerned and the true stress increased steadily with increasing true strain. Very high strainhardening rates were calculated for the initial small plastic strains because the unirradiated steel showed a continuous yielding, a smooth transition from a high-modulus elastic deformation to plastic deformation without an apparent yield point. The strain-hardening rate decreased with increasing strain but was above the true stress-true strain curve until plastic instability occurred.
It is assumed that the plastic instability or necking initiates at the intersection of the σ versus ε curve and the dσ/dε versus ε curve [22] ; i.e., Considere's criterion is applied to obtain the true strain to plastic instability: Fig. 6 shows that the true plastic strains at the intersections are about 0.49 and 0.39 for the unirradiated specimens tested at 20 and 164°C, respectively. Note that the values for true stress and strain-hardening rate become invalid after the onset of plastic instability because of invalidity of true strain values.
As illustrated in Figs. 7 and 8, irradiation changed the shapes of true stress-true strain and strainhardening rate versus strain curves at low strains. At both test temperatures the irradiated stainless steel showed small yield drops within a narrow strain range, in which strain-hardening rates were negative. These early low strain portions of the strain-hardening rate versus strain curves corresponding to elastic deformation and yield drop are omitted in Figs. 7 and 8. After the yield drops, however, the strain hardening rate recovered quickly to positive value and followed similar curve shapes to those of the unirradiated specimens, although strain-hardening rate was lowered with increasing dose. In Figs. 7 and 8 several intersections exist between true stress-true strain curve and strain-hardening rate curve; at least, one on recovery from negative hardening due to the yield drop and another at the onset of plastic instability. To determine a point at which plastic instability was initiated, the last intersection was assumed to be responsible for the real necking. At doses of 0.54 and 1.87 dpa the true strains to plastic instability were in the range 0.11 to 0.25.
Large temperature effects were observed on both irradiation-induced strengthening and strainhardening rate. A 140°C increase in test temperature lowered the true-stress levels by 10 to 20% and reduced the strain-hardening rate more significantly, resulting in reductions of uniform strain and instability stress. However, all EC316LN stainless steel specimens irradiated to 0.54 or 1.87 dpa retained positive strain-hardening rate.
At room temperature, the EC316LN stainless steel retained a strong positive strain-hardening capability in the dose range of 0 to 11 dpa [2] [3] [4] [5] . An analysis of the dose dependence of yield stress, instability stress, and fracture stress [5] indicated that the dose to plastic instability at yield would have been about 18 dpa for the EC316LN stainless steel at room temperature. However, the LANL results on 316L stainless steel [6, 7] , irradiated in the same LANSCE-APT experiment with the present EC316LN stainless steel, showed that the steel experienced a prompt necking at yield at 164°C after irradiation to 8.7 dpa. At 164°C, therefore, the dose to a prompt plastic instability at yield must have been equal to or less than 8.7 dpa. In the present work we predicted true strains to plastic instability for both EC316LN and 316L alloys by analyzing existing tensile curves [2] [3] [4] [5] 6] and gave the values for uniform true strain at 5 dpa. This is the recommended dose at which the first SNS target modules will be removed from service.
Considere's criterion [22] , σ = dσ/dε, was applied to determine the true strain to plastic instability, or true strain to necking, rather than reading the uniform elongation at the ultimate tensile strength point. This is because the true strain to plastic instability can be clearly defined on the true stress-true strain and strain hardening curves by applying Considere's criterion, while the uniform elongation is not easily determined when the engineering stress-strain curve is nearly flat during uniform deformation. In some irradiated specimens the ultimate tensile strength may be coincident with the yield strength although the material shows positive strain hardening in the true stress unit after a yield drop [3, 6] . If the yield drop is large but the strain hardening after the yield drop is very modestly positive, the strength after yield can not reach the yield strength level until the specimen starts necking. This is because the reduction of cross-sectional area due to uniform deformation offsets positive strain hardening, producing an almost flat engineering stress-strain curve before necking occurs. This type of behavior was observed in the LANL 316 steel tested at 164 o C and shown in Figs. 9 and 10. Applying Considere's criterion, values of 0.018 and 0.033 were determined for true strains to plastic instability at doses of 2.9 and 4.1 dpa, respectively. As explained above, the engineering stress-strain curves in Figs. 9 and 10 are almost flat in the true uniform strain range.
True plastic strain to plastic instability was evaluated for all EC316LN and 316L stainless steel specimens that exhibited uniform deformation. Existing room temperature data for EC316LN steel [5] and new data for EC316LN and 316L steels are regrouped into three data sets with respect to test temperatures: 20, 50, and 164°C, as listed in Table 4 , and used for producing regression curves for the test temperatures. Fig. 11 shows the variation of true strains to plastic instability with dose for each temperature. Trend lines were obtained in the forms of exponential functions, which gave good regression results for the ductility versus dose data, and were used for interpolations. Comparing the curves indicates that test temperature has a large effect on the dose dependence of true strain to plastic instability in austenitic stainless steels. Reduction in ductility due to irradiation was more significant at 50 and 164°C than at 20°C. Interpolations to 5 dpa gave about 0.163, 0.042 and 0.018 for true strains to plastic instability at 20, 50 and 164°C, respectively. These results predict that the 316 stainless steels will not experience a prompt necking at yield at temperatures of 164°C or below until the dose reaches higher than 5 dpa, as shown in Figure 11 . Table 4 and Figure 11 also show that for unirradiated stainless steels uniform elongation is strongly affected by test temperature. This is confirmed by ongoing experiments at ORNL on unirradiated 316LN and 304L stainless steels, which display large (~40%) reductions in uniform elongation when the test temperature is raised from 0 o C to 200 o C [23] .
Strain-hardening rate during necking
When the 316L stainless steel was tested at 164°C after irradiation to above 8 dpa, deformation was localized from the beginning stage of plastic deformation [6, 7] . This prompt plastic instability resulted in very small uniform strains of less than 0.5%, consistent with Fig. 11 . There has been a question about the strain-hardening behavior after the plastic instability at yield [22, 24, 25] . Since it is impossible to calculate true strain and true stress data at the neck without its cross-sectional area data, the dimensional change of the neck should be measured to investigate the strain-hardening behavior over the necking process. Van Osch and de Vries [24] have measured the reduction of area and calculated true stress and true strain for a V-4Cr-4Ti alloy. In this result, the specimen neutron-irradiated to about 6 dpa and tested at 327 o C displayed prompt necking at yield, however, both the irradiated and unirradiated specimens showed similar positive strain-hardening rates after the onset of necking [24] .
Reduction of area (RA), as a percentage change from original area to final cross-sectional area after fracture, has been measured for selected specimens, including three 316L stainless steel specimens [16] . Photographs of fracture surfaces were obtained by scanning electron microscopy to measure the final cross-sectional areas. The RA values for 316L stainless steel were in the range 63 -73%. Using those RA measurements and tensile test data, we have attempted to calculate the strain-hardening rate during necking. For simplicity, linear hardening is assumed for the true stress-true strain curve of the necking deformation [24, 25] :
where = u σ instability stress = n h strain-hardening rate during necking = u ε true strain to plastic instability (true uniform strain)
We can also read fracture strength, f S , from the engineering stress-strain curve. Then the true fracture strain, f ε , and true fracture stress, f σ , can be calculated by
Using these parameters, n h is expressed by
Strain-hardening rates during plastic instability deformation for three 316L specimens are listed in Table 5 , along with results for other parameters. Indeed, our result on strain-hardening behavior agrees with van Osch and de Vries' result on V-4Cr-4Ti alloy [16] ; all calculated values for strain-hardening rate are decisively positive. Table 5 also shows that the average strain-hardening rate for necking deformation, n h , is similar to the strain-hardening rate at onset of necking (= u σ ). It is interesting to note that the n h value for the specimen irradiated to 9.2 dpa, which showed prompt necking at yield, can retain a high strain-hardening rate of about 800 MPa during plastic instability.
The result of the high strain-hardening rates for necking deformation is seemingly contrary to the fact that, as indicated in Figs. 6 to 10, the strain-hardening rate decreases rapidly over the uniform strain range. Assuming that the strain-hardening rate continues to decrease during necking at the same rate, it will become a small positive value or most likely a negative value at fracture strains as high as those in Table 5 . However, two complicating factors need to be considered. First, a multi-axial stress state is developed by the geometry of the necked region [24] [25] [26] . Since we calculate the true stress values for the neck by dividing applied load by crosssectional area, the calculated true stress is not the equivalent stress that describes uniaxial uniform deformation but is the axial stress component in the loading direction. It has been shown that this axial stress component can be much higher than the equivalent stress at a given strain [22, 25, 26] , depending on specimen geometry. Second, the complexities of geometry and stress state in the necked region would activate additional dislocation slip systems or even different deformation mechanisms of the material. This can help to sustain a high strain-hardening rate, which usually falls during uniform deformation. Although the current data on strain-hardening rate should be revised in terms of equivalent stress, it is encouraging that the austenitic stainless steels are expected to retain positive hardening during instability deformation after irradiation to at least 9 dpa.
Summary and conclusions
Temperature effects on the tensile properties of EC316LN austenitic stainless steel and 9Cr-2WVTa ferritic/martensitic steel were investigated after proton and neutron irradiation to doses up to 2.53 dpa. Tensile testing was performed at two temperatures, 20 and 164°C. Further, the strain-hardening behavior was analyzed for EC316LN and 316L alloys to study temperature effects and to obtain true strains to plastic instability. The results of the testing and analysis are summarized as follows:
(1) All test materials showed significant radiation-induced hardening and loss of ductility due to irradiation. In the engineering stress-strain curves the EC316LN stainless steel maintained notable strain-hardening capability while the 9Cr-2WVTa ferritic/martensitic steel posted negative hardening.
(2) In the EC316LN stainless steel, increasing the test temperature from 20°C to 164°C decreased the strength by 13 to 18% and reduced the ductility by 8 to 36%. The effect of test temperature in the 9Cr-2WVTa ferritic/martensitic steel was less significant than in the EC316LN stainless steel.
(3) At doses less than about 1 dpa the tensile data of the LANSCE-irradiated stainless steels were in line with the fission reactor database for 316 stainless steels irradiated and tested at temperatures below 200 o C. However, extra strengthening induced by helium and hydrogen contents is evident in some specimens irradiated to above about 1 dpa.
(4) The plastic instability analysis results indicated that modest increase in tensile test temperature has large effects on the dose dependence of true strain to plastic instability in austenitic stainless steels. Interpolations with true uniform strain versus dpa data showed that the 316 stainless steels would retain more than 1% uniform strain after irradiation to 5 dpa for test temperature up to 164 o C. Much of this temperature dependence stems from an inverse temperature effect on uniform elongation in the unirradiated stainless steels.
(5) Calculations on strain-hardening rate during plastic instability predicted that the austenitic stainless steels would retain positive hardening capability during necking after irradiation to at least 9 dpa. This positive hardening capability was explained by the complexities of geometry and stress state in the necked region, which would activate additional dislocation slip systems or even different deformation mechanisms. Fig. 1 . Dimensions of SS-3 tensile specimen.
18 Fig. 2 . Engineering stress-strain curves of EC316LN stainless steel after irradiation to labeled doses in spallation environments. . True stress vs. true strain and strain-hardening rate vs. true strain curves of EC316LN stainless steel before irradiation. Fig. 9 . Comparison of engineering stress-strain, true stress-true strain and strainhardening rate vs. true strain curves of 316L stainless steel at 164 o C after irradiation to 2.9 dpa. Fig. 10 . Comparison of engineering stress-strain, true stress-true strain and strainhardening rate vs. true strain curves of 316L stainless steel at 164°C after irradiation to 4.1 dpa. Fig. 11 . Dose dependence of true strain to plastic instability.
